Based on cytogenetic studies, non-random chromosomal translocations which involve the HOX11 gene at locus 10q24 and the TCR genes at loci 7q35 or 14q11 have been reported to occur in 5% of T-ALL. HOX11, a member of the homeobox family of genes, has been shown to play a role in T-ALL. The activation of the HOX11 gene by translocations to the TCR locus results in the inappropriate expression of a 2.3 kb transcript. In this paper we describe a t(10;14)(q24;q11) breakpoint from a T-ALL patient specimen. The breakpoint appears to be mediated by errors in the TCR/V(D)J recombination system, but is more complex than commonly described reciprocal translocations between the HOX11 and TCR genes, since it involves an inversion event of the TCR␦ genes. In addition, the breakpoint was characterised to a previously unsequenced area of the 10q24 locus, 3.4 kb upstream of the HOX11 gene. This breakpoint is more centromeric than the breakpoint cluster region previously shown to be involved in the majority of reported t(10;14)(q24;q11) translocations. Hence, our investigations of the translocation breakpoint in this patient identify another breakpoint region in the 10q24 locus and may define a novel recombination 'hot spot'. Surprisingly, our studies provide a mechanism for a previously unexplained complex translocation described by another group which involves the same region of the HOX11 promoter.
Introduction
The HOX11 gene was cloned and sequenced from two translocation breakpoints, the t(10;14)(q24;q11) and the t(7;10)(q35;q24). [1] [2] [3] The most notable feature of HOX11 is that it encodes a protein which shares significant homology with the homeodomain of known homeobox genes. [1] [2] [3] [4] Normal B and T lymphocytes do not express the HOX11 gene, 2, [5] [6] [7] although there is one report of low-level expression in human T cells. 8 The normal role of HOX11 is in spleen development, specifically in maintaining the survival of the splenic precursors. 9, 10 The inappropriate expression of the HOX11 gene observed in T-ALL suggests that HOX11 may play a role in T cell leukaemogenesis. It has been shown that HOX11 can transform murine haemopoietic progenitor cells into IL-3-dependent myeloid cell lines. 11 Cytogenetic analyses have shown that 4% of T-ALL cases contain a t(10;14)(q24q11) translocation, where the HOX11 gene is juxtaposed to the D␦2, D␦3 or J␦1 gene segments of the TCR␦ at locus 14q11. 5, [12] [13] [14] [15] [16] In addition, a variant translocation t(7;10)(q35;q24) is associated with 1% of T-ALL, such that the HOX11 gene is juxtaposed to the TCR␤ gene at locus 7q35. 16, 17 Sequence analysis of 15 out of 19 reported t(10;14)(q24;q11) translocations demonstrated that the breakpoints on the 10q24 locus were clustered within a 1 kb region directly upstream of the HOX11 gene. 1, 4, 5, 13, 15, 18 In contrast, the t(7;10)(q35;q24) translocation, which was sequenced from a T-ALL cell line (PER-255), showed a breakpoint approximately 12 kb upstream of the HOX11 gene. 3, 17 Errors in the normal V(D)J rearrangement process, during T cell development are thought to be responsible for translocations of the TCR with the HOX11 gene. Indeed, studies of some t(10;14)(q24;q11) and t(7;10)(q35;q24) breakpoints have shown that heptamer and/or nonamer-like sequences which normally signal V(D)J recombination were present in the DNA flanking the 10q24 breakpoints. 1, 5, [13] [14] [15] 17, 18 The net result of errors in the normal rearrangement process was the expression of a 2.3 kb transcript, when the HOX11 gene was juxtaposed to the TCR locus.
Previously, we described a paediatric T-ALL patient (specimen P4) with a t(10;14)(q24;q11) breakpoint that exhibited HOX11 gene upregulation. 6 We now show that the breakpoint for specimen P4 occurred in a region of the 10q24 locus which is distinct from commonly reported t(10;14)(q24;q11) breakpoints. Sequence analysis defined the breakpoint to a region 3.4 kb upstream of the HOX11 gene, outside the main breakpoint cluster 1 kb proximal to the HOX11 gene. Characterization of the breakpoint for P4 showed that it was the result of a complex genetic rearrangement, involving an inversion and a translocation.
Materials and methods

Leukaemic cells
The patient (P4) was a 9-year-old boy diagnosed with T-ALL at the Princess Margaret Hospital for Children, Western Australia. Bone marrow cells were obtained at the time of diagnosis and separated by density gradient centrifugation through Ficoll-Hypaque (Nycomed Pharma, Oslo, Norway). Isolated lymphoblasts were classified as being of T-lineage since immunophenotyping revealed positive staining for CD7, CD2 and CD5 and negative staining for CD10, CD13, CD19 and CD33. Standard cytogenetic techniques showed the t(10;14) (q24;q11) translocation for the specimen P4. 6 
Probes
Probes used included p10f (corresponding to the HOX11 coding region) 3 (see Figure 1 ) and another upstream probe pPR-RSP obtained from the HGMP Resource Centre, UK. DNA directly 5Ј of the HOX11 gene, reported as the breakpo- int cluster region, 15 was detected using a 931 bp probe, 931. HOX11, generated by PCR amplification of genomic DNA from peripheral blood cells using the primers HOX11F.For 5Ј-CGAACCCTGTAGGAT-3Ј and HOX11F.Rev 5Ј-GGCAA-CAGCGGCTCCTGG-3Ј. DNA from the TCR␦ loci J␦1, J␦2 and C␦ were detected using the probes J␦S16, 19, 20 R21XH 19, 20 and R21EE 20 respectively, obtained from the HGMP Resource Centre, Cambridge, UK.
Genomic library
High molecular weight DNA from bone marrow cells of patient P4 was completely digested with BamHI at 37°C overnight. A library containing DNA of size range 9-23 kb was made using the Lambda replacement vector GEM-11 (Promega, Madison, WI, USA).
A genomic library of approximately 5 × 10 4 p.f.u. complexity was transferred to nitrocellulose filters and hybridized with labelled probes. 21 
Isolation of clones with insert DNA from the 10q24 locus using a P1 artificial chromosome (PAC) library
A PAC clone containing a 118 kb insert DNA from the 10q24 locus was isolated from a PAC library established from total DNA of a nonleukaemic individual (kindly donated by Dr Roger Cox, Wellcome Centre for Human Genetics, Oxford University, UK). The clone was demonstrated to contain insert DNA from the HOX11 region by PCR analysis using the primers HOX11F. For and HOX11F. Rev, as described above. DNA was extracted from the PAC clone, digested with EcoRI, size-fractionated to between 9 and 14 kb and was purified. The purified DNA was ligated into GEM-12 cloning vector (Promega) digested with EcoRl. A library of approximately 3 × 10 4 p.f.u. was screened for clones 21 that hybridized to probes from the HOX11 region, pPR-RSP and 931.HOX11 (see Figure 1) . Two clones were selected, HOX11A which hybridized to the pPR-RSP probe and HOX11B which hybridized to the 931.HOX11 probe. HOX11A consisted of a 10 kb insert and HOX11B consisted of an 11 kb insert from the 10q24 locus. The subclones A1 was generated from HOX11A ( Figure 1) .
Results
Southern blot analysis of the rearrangement in specimen P4
The T-ALL specimen P4 with a cytogenetically detectable t(10;14)(q24;q11) was previously shown to express the HOX11 transcript of 2.3 kb. 6 In order to determine whether the breakpoint was the result of a juxtaposition between the HOX11 gene at locus 10q24 and the TCR␦ gene at locus 14q11, genomic DNA from specimen P4 was examined by Southern blot analysis using various probes for the HOX11 and TCR regions. DNA from P4 when digested with EcoRI and hybridized with the 10q24 locus probe, 931.HOX11, did not show any rearrangements. However, when P4 DNA was digested with BamHI and hybridized with the 931.HOX11 probe, a rearranged fragment of 13 kb was seen (data not shown). The same Southern blots were sequentially hybridized with several TCR␦ probes. The J␦S16 probe, revealed a rearranged band of similar size (13 kb) when the DNA was digested with BamHI (data not shown). These results suggested that the 13 kb fragment contained the breakpoint between HOX11 and TCR.
Isolation of translocation breakpoint in specimen P4
To isolate the 13 kb rearranged fragment detected with both the 931.HOX11 and J␦S16 probes, a phage library was prepared from specimen P4 using DNA digested with BamHI. DNA of size range 9-23 kb was cloned into GEM-11 and the resulting library was screened for clones that hybridized to both the 931.HOX11 and the J␦S16 probes. Six phage clones were identified that hybridized with both probes and one clone, PC1, was used for further mapping and sequence analysis.
The 13 kb BamHI insert from phage clone PC1 was digested with XbaI and a 5.5 kb (XbaI-BamHI) fragment was cloned 
Sequence analysis of the translocation breakpoint for specimen P4
Sequencing of the breakpoint construct was performed in both directions using primers for T3 and T7. Sequence data were analysed using the BLAST algorithm. Sequence data from the fragment end cloned adjacent to the T3 promoter of Bluescript II KS (+) were 100% homologous to the published sequence of the TCR␦ region. 22 Hence, this end of the 1.3 kb fragment corresponded to the TCR␦ from locus 14q11. The sequence data from the other end of the breakpoint fragment were homologous to a sequence deposited in the GenBank database by our laboratory laboratory (Accession No. AF067443). 23 This sequence was also identical to normal genomic DNA from a clone designated A1, which we constructed using a 4 kb DNA (HindIII-EcoRI) fragment from a region approximately 5 kb upstream of the HOX11 gene (see Methods section, Figure 1 ). By using a further primer PS293, sequencing towards the TCR␦ region was performed. This sequence data revealed the breakpoint region (GenBank Accession No. AF116457). An upstream HOX11 region at 10q24 was joined to the 5Ј end of the D␦3 segment and in turn D␦3 had become joined to J␦1 with the addition of template-independent nucleotides (Nnucleotides) at the junction (Figure 2 ). The consensus heptamer and nonamer V(D)J recombination signal sequences of the J␦1 gene segment were found flanking the breakpoint at 10q24 (Figure 2) . Interestingly, the D␦3 and J␦1 gene segments at the breakpoint junction were inverted with respect to the germline TCR configuration. Moreover, further restriction analysis surprisingly indicate that the entire TCR region from D␦3 to J␦2 was inverted, within the original 13 kb rearranged fragment cloned from specimen P4. This suggests that an inversion event occurred during the TCR rearrangement process, probably prior to the translocation with the HOX11 gene (see Figure 3 and Discussion). 
Discussion
Chromosomal translocations such as the t(10;14)(q24;q11) or the t(7;10)(q35;q24) which involve the HOX11 gene at locus 10q24 and the TCR genes at loci 7q35 or 14q11 occur in 5% of T-ALL based on cytogenetic analysis. 24 In addition, we have reported that more subtle aberrations may affect the HOX11 gene in paediatric leukaemia. 6 The net effect of abnormalities involving the HOX11 gene is abundant expression of a 2.3 kb transcript. Sequence analysis of 15 out of 19 reported translocations involving HOX11, showed that the breakages on the 10q24 locus clustered to a 1 kb region directly 5Ј of the HOX11 gene. 1, 4, 5, 13, 15, 18 In this study we have demonstrated that the breakpoint for specimen P4 occurred in a previously unsequenced region of the 10q24 locus.
Intriguingly, our data also show that the segment of the TCR locus which is moved adjacent to HOX11 by the translocation does not contain the previously described TCR ␦ enhancer, 25 which would remain on the other chromosome. This is the first description of a breakpoint sequence in the region 3.4 kb upstream of the HOX11 gene. This new information, moreover, provides an explanation for a previously reported translocation in a patient DW with T-ALL. 18 A neighbouring region of DNA was reported to be involved in a complex t(10;14) translocation 18 and the breakpoint sequence showed that the break on chromosome 10 occurred in the breakpoint cluster region immediately 5Ј of HOX11. An additional unidentified sequence of 263 bp was inserted at the breakpoint and was joined to the TCR D␦2 (now known as D␦3). Our analysis now reveals that this 263 bp sequence stems from a region proximal to the breakpoint at 3.4 kb described here for patient P4. Deletion of the intervening sequence in the HOX11 locus detected in patient DW removes segments of the promoter which we have recently shown to contain several negative elements 23 suggesting a possible selection mechanism occurring in the case described by Kagan and colleagues. 18 Hence this region 3.4 kb upstream of HOX11 may define a novel recombination 'hot-spot'. There is also a report of a breakpoint occurring further upstream of the HOX11 gene, approximately 12 kb from the start site of the gene. 17 It seems that HOX11 can be transcriptionally activated by TCR regulatory segments, which can act at a considerable distance from the start site of the HOX11 gene.
In the t(10;14)(q24;q11) breakpoint investigated here, the HOX11 gene locus was juxtaposed to the 5Ј end of the D␦3 segment. The 3Ј end of D␦3 in turn had recombined with the 5Ј end of the J␦1 segment. Furthermore, heptamer and nonamer-like sequences characteristic of consensus signal sequences for TCR gene rearrangements were found flanking the breakpoint on the 10q24 locus. The heptamer-like sequence 5Ј-TGTTGTG-3Ј found at the 10q24 breakpoint was homologous to the J␦1 heptamer motif (5Ј-TGCTGTG-3Ј) and the possible nonamer sequence 5Ј-AGATTTTGA-3Ј was similar to the consensus J␦1 nonamer motif (5Ј-GGTTTTTGG-3Ј). 26 These features of the breakpoint, specifically, the involvement of D␦3 and J␦1 of the TCR gene and the presence of signal sequences at the 10q24 breakpoint site flanking the HOX11 gene, imply that the V(D)J recombination system may have been involved in the translocation event. Studies of other translocations also showed homologous heptamer and nonamer sequences found flanking breakpoint junctions, which led to a theory that rearrangements between the lg/TCR and oncogene loci are often mediated by the V(D)J recombination system. 27, 28 Moreover, additional nucleotides were inserted at the 10q24-D␦3 and D␦3-J␦1 junctions, suggesting that terminal deoxynucleotidyl transferase component of the V(D)J recombination system was involved in the rearrangement. Interestingly, the rearrangement described here for P4 was more complex than a reciprocal translocation between the HOX11 and TCR genes. Cloning of the breakpoint from the der(14q11−) chromosome of P4 showed that the TCR D␦3, J␦1 and J␦2 gene segments were all in an inverted orientation when compared with germline sequences (Figure 1) . The restriction map of the germline 14q11 region was established from published maps 15, 19 and the restriction map of the 10q24 region was established from published maps. 1, 3, 15 The only t(10;14)(q24;q11) breakpoint reported in the literature with a similar TCR inversion was that described by Park and colleagues.
14 This translocation involved the 10q24 region which was joined to the 5Ј D␦3 region, and in turn the 3Ј end of D␦3 was joined to the 5Ј J␦1 region. The authors proposed that the joining of the D␦2 to V␦2 (now known as V␦3) had occurred prior to the translocation of TCR with 10q24 resulting in an inversion of the intervening gene segments D␦3, J␦1, J␦2, J␦3 and C␦. Whether the inversion event described for specimen P4 extended to the V␦3 region of the TCR␦ was not determined in this study. However, it is possible that a similar sequence of recombination events was responsible for the rearrangement described here. There is evidence in the literature for inversions of the TCR␦ gene segments, as well as inversions of the TCR␣, TCR␤, TCR␥ and Ig chain genes, suggesting that chromosomal inversion is an important rearrangement mechanism. [29] [30] [31] [32] Large-scale inversions of the TCR have also been reported involving inv (14)(q11;q32. 3) breakpoints. These inv(14)(q11;q32.3) translocations involve mainly inversions of the TCR␣ (14q11) with the Ig heavy chain (14q32.3) or less commonly inversions of the TCR␦ (14q11) with the Ig heavy chain (14q32.3). 33 The structural features of the breakpoint studied here corroborate existing evidence implicating V(D)J recombination as an important mechanism in translocations of lymphoid neoplasias. However, the V(D)J recombination system is probably not the exclusive mechanism involved in the generation of chromosomal translocations with the TCR. For some reported chromosomal translocations, sequence analysis did not provide any evidence for the presence of heptamer or nonamer signals at the breakpoint junction, flanking the oncogene. 34, 35 This includes translocations involving the HOX11 oncogene, where in approximately 50% of cases there were no V(D)J signal sequences found flanking the breakpoint. Chromosome accessibility to recombination can also be provided by hypomethylation of CpG sequences 36, 37 or altered superhelicity which may result in a recombinogenic chromatin structure. Future studies may reveal whether any such structural features predisposed the region of DNA to undergo a complex rearrangement.
